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METHODS OF FORMING POWER SEMICONDUCTOR DEVICES 

USING BOULE-GROWN SILICON CARBIDE DRIFT LAYERS 
AND POWER SEMICONDUCTOR DEVICES FORMED THEREBY 

Field of the Invention 
The present invention relates to semiconductor device fabrication 
methods, and more particularly to methods of forming silicon carbide 
power devices and devices formed thereby. 

Background of the Invention 
5 Semiconductor power devices are widely used to carry large currents 

and support high voltages. Conventional power devices are generally 
fabricated using silicon semiconductor material. One widely used power 
device is the power MOSFET. In a power MOSFET, a gate electrode 
provides turn-on and turn-off control upon the application of an appropriate 
10 gate bias. For example, turn-on in an n-type enhancement-mode 

MOSFET occurs when a conductive n-type inversion-layer channel (also 
referred to as "channel region") is formed in a p-type base region in 
response to application of a positive gate bias. The inversion-layer 
channel electrically connects the n-type source and drift/drain regions and 
1 5 allows for majority carrier conduction therebetween. 

The power MOSFET's gate electrode is separated from the base 
region by an intervening insulating layer, typically silicon dioxide. Because 
the gate is insulated from the base region, little if any gate current is 
required to maintain the MOSFET in a conductive state or to switch the 
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MOSFET from an on-state to an off-state or vice-versa. The gate current 
is kept small during switching because the gate forms a capacitor with the 
MOSFET's base region. Thus, only charging and discharging current 
("displacement current") is required during switching. Because of the high 
5 input impedance associated with the gate electrode, minimal current 

demands are placed on the gate drive circuitry. Moreover, because current 
conduction in the MOSFET occurs through majority carrier transport using 
an inversion-layer channel, the delay associated with recombination and 
storage of excess minority carriers is not present. Accordingly, the 

10 switching speed of power MOSFETs can be made orders of magnitude 
faster than many minority carrier devices, such as bipolar transistors. 
Unlike bipolar transistors, power MOSFETs can be designed to withstand 
high current densities and the application of high voltages for relatively long 
durations, without encountering the destructive failure mechanism known 

15 as "second breakdown." Power MOSFETs can also be easily paralleled, 
because the forward voltage drop across power MOSFETs increases with 
increasing temperature, thereby promoting an even current distribution in 
parallel connected devices. 

Efforts to develop power MOSFETs have also included investigation 

20 of silicon carbide (SiC) as a substrate material. Silicon carbide has a wider 
bandgap, a lower dielectric constant, a higher breakdown field strength, a 
higher thermal conductivity and a higher saturation electron drift velocity 
compared to silicon. Accordingly, silicon carbide power devices may be 
made to operate at higher temperatures, higher power and voltage levels 

25 and/or with lower specific on-resistance relative to silicon power devices. 

Nonetheless, the voltage rating of silicon carbide power devices may still 
be limited if the voltage supporting drift regions therein are insufficiently 
thick. Thus, notwithstanding the preferred electrical characteristics of 
silicon carbide, there continues to be a need for silicon carbide power 

30 devices having thicker voltage supporting regions therein. 
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Summary of the Invention 
Methods of forming high voltage silicon carbide power devices utilize 
silicon carbide drift layers that are derived from high purity silicon carbide 
wafer material, instead of costly epitaxially grown silicon carbide layers. 
5 The methods include forming minority and/or majority carrier power 

devices that can support greater than 10kV blocking voltages and may use 
drift layers having thicknesses greater than about 100 um. These majority 
and minority carrier power devices include MOSFETs, JFETs, PiN diodes, 
IGBTs, BJTs, GTOs and other devices. In particular, the use of high purity 

10 silicon carbide wafer material in minority carrier devices may result in 
devices having a characteristic minority carrier lifetime in excess of 50 
nanoseconds. Methods of forming silicon carbide power devices according 
to some embodiments of the present invention include forming silicon 
carbide power MOSFETs that support 10kV or higher blocking voltages. 

15 This can be done by forming a 4H boule-grown silicon carbide drift layer 
having a net n-type dopant concentration therein that is less than about 
2x1 0 15 cm* 3 and forming a p-type silicon carbide base region on the silicon 
carbide drift layer. Techniques to form boule-grown silicon carbide include 
sublimation growth, continuous growth and high temperature CVD. The p- 

20 type silicon carbide base region may form a p-n rectifying junction with the 
drift layer. An n-type silicon carbide source region is also formed, which 
defines a p-n rectifying junction with the p-type silicon carbide base region. 
A gate electrode is formed adjacent the p-type silicon carbide base region. 
The gate electrode is sufficiently proximate the base region so that 

25 application of a gate electrode voltage of sufficient magnitude results in the 
formation of an inversion-layer channel in the base region. This inversion- 
layer channel operates to provide an electrically conductive path between 
the source region and the drift layer during forward on-state conduction. 
According to some embodiments of the present invention, the step of 

30 forming a silicon carbide drift layer is preceded by the steps of forming a 
silicon carbide boule using a seeded sublimation growth technique and 
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then irradiating the silicon carbide boule with thermal neutrons of sufficient 
fluence to thereby transmute silicon atoms to n-type phosphorus atoms 
within the silicon carbide boule. In particular, the irradiating step may be 
performed under conditions that yield a compensated n-type dopant 
5 concentration that is less than about 2x1 0 15 cm" 3 within the boule. The 
irradiating step is then followed by the step of sawing the silicon carbide 
boule to yield many 4H sublimation-grown silicon carbide wafers. Next, the 
wafer is aggressively annealed at a sufficiently high temperature and for a 
sufficient duration to remove irradiation damage. The annealing step may 

10 also operate to activate the n-type phosphorus atoms (e.g., those that are 
not on lattice sites) and reduce a density of traps in the wafer to a sufficient 
level to yield high purity drift layer material, which may have a characteristic 
minority carrier lifetime of greater than about 50 nanoseconds. Following 
the annealing step, the wafer may be planarized to a desired thickness, 

15 which may be a function of the voltage rating of the desired power device. 
Methods of forming silicon carbide power devices according to 
additional embodiments of the present invention include forming a silicon 
carbide diode by aggressively annealing and then planarizing a 4H 
sublimation-grown silicon carbide wafer having a net n-type dopant 

20 concentration therein, to yield an n-type drift layer having opposing C and 
Si faces thereon and a thickness in a range from between about 100 pm 
and about 400 pm. An N+ silicon carbide layer may then be epitaxially 
grown or implanted on the C-face of the n-type drift layer and a p+ silicon 
carbide layer may be epitaxially grown or implanted on the Si-face of the n- 

25 type drift layer. The p+ silicon carbide layer, the n-type drift layer and the 
n+ silicon carbide layer may collectively form a P-i-N diode having a 
blocking voltage greater than about 10 kV. Here, the p+ silicon carbide 
layer may operate to inject minority carriers (e.g., holes) of sufficient 
quantity into the drift layer to cause conductivity modulation therein when 

30 the diode is forward biased. 
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According to still further embodiments of the present invention, a 
silicon carbide junction field effect transistor (JFET) may be formed by 
forming a 4H boule-grown silicon carbide drift layer having a net n-type 
dopant concentration therein in a range from between about 2x1 0 14 cm* 3 
5 and about 2x1 0 15 cm 3 and then forming an n-type silicon carbide epilayer 
on a Si-face of the silicon carbide drift layer. This n-type epilayer operates 
as the channel region of the JFET. An n-type silicon carbide source region 
is formed on or within the n-type silicon carbide epilayer. The n-type 
source region is more highly doped than the n-type epilayer and the n-type 

10 epilayer is more highly doped than the n-type drift layer. A p-type silicon 

carbide gate electrode is formed on the n-type silicon carbide epilayer so 
that a p-n rectifying junction is defined therebetween. When reversed 
biased, this p-n rectifying junction operates to deplete the n-type epilayer of 
majority carriers and block a forward on-state conduction path between the 

15 n-type source region and the n-type drift layer. This forward on-state 

conduction path may extend through an opening in a p-type silicon carbide 
buried region, which extends between the n-type epilayer and the n-type 
drift layer. In particular, a p-type silicon carbide buried region may be 
formed adjacent a Si-face of the drift layer prior to forming the n-type 

20 epilayer. 

Brief Description of the Drawings 
FIG. 1 is a flow-diagram that illustrates methods of forming silicon 
carbide power devices according to embodiments of the present invention. 
FIG. 2 is a flow-diagram that illustrates additional methods of forming 
25 silicon carbide power devices according to embodiments of the present 
invention. 

FIG. 3 is a flow-diagram that illustrates methods of forming silicon 
carbide P-i-N diodes according to embodiments of the present invention. 
FIG. 4 is a cross-sectional view of a silicon carbide power MOSFET 
30 according to embodiments of the present invention. 
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FIG. 5 is a cross-sectional view of a silicon carbide JFET according to 
embodiments of the present invention. 

FIG. 6 is a cross-sectional view of a silicon carbide P-i-N diode 
according to embodiments of the present invention. 
5 Description of Preferred Embodiments 

The present invention will now be described more fully hereinafter 
with reference to the accompanying drawings, in which embodiments of 
the invention are shown. This invention may, however, be embodied in 
different forms and should not be construed as limited to the embodiments 

10 set forth herein. Rather, these embodiments are provided so that this 

disclosure will be thorough and complete, and will fully convey the scope of 
the invention to those skilled in the art. In the drawings, the thickness of 
layers and regions are exaggerated for clarity. It will also be understood 
that when a layer is referred to as being "on" another layer or substrate, it 

15 can be directly on the other layer or substrate, or intervening layers may 
also be present. Moreover, the terms "first conductivity type" and "second 
conductivity type" refer to opposite conductivity types such as N or p-type, 
however, each embodiment described and illustrated herein includes its 
complementary embodiment as well. The phrase "net n-type dopant 

20 concentration" refers to the concentration of activated n-type dopants after 
compensation effects are taken into account. Like numbers refer to like 
elements throughout. Unless otherwise noted, references to silicon 
carbide materials include 4H, 6H, 15R and 3C silicon carbide materials. 
Referring now to FIG. 1, methods 100 of forming silicon carbide 

25 power devices according to first embodiments of the present invention 
include forming a silicon carbide (SiC) boule using a boule growth 
technique, Block 102. This silicon carbide boule may be formed as a high- 
purity semi-insulating (HPSI) silicon carbide boule using a seeded 
sublimation growth technique. Exemplary sublimation growth techniques 

30 are more fully described in U.S. Patent Publication No. 2001/0017374 and 
in U.S. Patent Nos. 6,403,982, 6,218,680, 6,396,080, 4,866,005 and Re. 
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34,861, the disclosures of which are hereby incorporated herein by 
reference. Sublimation techniques may also include gas fed sublimation, 
continuous growth and high-temperature CVD. 

The SiC boule is then irradiated with thermal neutrons to provide a 
5 desired level of phosphorus doping, Block 104. These phosphorus 

dopants may be partially compensated by a naturally occurring background 
concentration of p-type dopants (e.g., boron) within the boule material. 
During the irradiation step, some fraction of the silicon atoms ( 30 Si) within 
the silicon carbide boule will capture thermal neutrons and undergo the 

10 following reaction: [ 30 Si(n 5 Y] 31 Si]. The subsequent beta particle decay ((3 ) 
results in the formation of phosphorus atoms 31 P, which operate as n-type 
dopants (i.e., donors) within silicon carbide. The density of the phosphorus 
atoms is primarily controlled by the level of the thermal neutron fluence 
(neutrons/cm 2 ). To achieve a net n-type dopant concentration in a range 

15 from between about 2x1 0 14 cm" 3 and about 2x1 0 15 cm' 3 , a neutron fluence 
in a range from between about 1x10 17 cm" 2 and about 1x10 20 cm 2 may be 
used. This neutron irradiation step is commonly referred to as neutron 
transmutation doping (NTD). Neutron transmutation doping (NTD) may 
also be used to provide compensating dopants to a semiconductor 

20 substrate (e.g., boule, wafer) having net p-type conductivity. Accordingly, 
NTD may be used to support the generation of net p-type drift layers 
having a desired p-type dopant concentration level by tailoring the net 
doping through partial compensation of excess p-type dopants. 

As illustrated by Block 106, conventional sawing operations may be 

25 performed to generate a plurality of silicon carbide wafers from the silicon 
carbide boule. These wafers, which may have a thickness in a range from 
between about 100 um and about 1000 urn, are preferably formed as 4H 
silicon carbide wafers. Alternatively, the sequence of the steps illustrated 
by Blocks 104 and 106 may be reversed. In particular, FIG. 2 illustrates 

30 related methods 100' whereby respective wafers are irradiated using 
neutron transmutation doping (NTD) techniques, Block 104'. This 
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sequence of steps allows for the establishment of different donor dopant 
levels within different groups of wafers taken from the same silicon carbide 
boule. 

Referring now to Block 108 in FIGS. 1 and 2, an aggressive 
5 annealing step is performed to reduce irradiation damage and the density 
of trap level defects within the wafers. The annealing step may, in some 
embodiments, operate to activate the phosphorus dopants. The 
aggressive annealing step may be performed at a temperature in a range 
from between about 1300 °C and about 2200 °C, for a duration in a range 

10 from between about 10 minutes and about 500 minutes. 

Once annealed, the wafers may be planarized to a desired thickness 
that accords with a voltage rating of the power devices to be formed, Block 
110. This planarization step may be performed by chemically-mechanically 
polishing (CMP) both faces of the wafers. As described herein, the desired 

15 thickness may be in a range from between about 100 um, for a power 

device rated up to about 20kV, and about 400 um, for a power device rated 
up to about 80kV. Once planarized, the silicon carbide wafers may be 
used as n-type voltage supporting drift layers. These drift layers have 
thicknesses that are substantially greater than can be commercially 

20 achieved using more costly epitaxially growth techniques. In particular, the 
drift layers may be used as substrates from which a variety of silicon 
carbide power devices may be formed, Block 112. Then, upon completion 
of back-end processing steps to form various power devices, including 
MOSFETs, JFETs, P-i-N diodes, IGBTs, BJTs and GTOs, the drift layers 

25 may be diced into discrete power devices having one or more unit cells 

therein. These discrete devices may then be packaged using conventional 
packaging techniques. 

An exemplary sequence of back-end processing steps 112' that 
results in the formation of a P-i-N diode 400 is illustrated by FIGS. 3 and 6. 

30 As illustrated by Block 112A, the polished C-face of a boule-grown drift 
layer 402 may be used as a substrate to epitaxially grow an n+ silicon 
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carbide epilayer of predetermined thickness, which operates as a cathode 
region 404 of the P-i-N diode 400. Similarly, the polished Si-face of the 
boule-grown drift layer 402 may be used as a substrate to epitaxially grow 
a p+ silicon carbide epilayer of predetermined thickness, which operates as 
5 an anode region 406 of the P-i-N diode 400, Block 112B. In alternative 
embodiments, these n+ and p+ epilayers may be formed by implanting n- 
type and p-type dopants into the drift layer 402. Top-side and bottom-side 
metal contacts may also be formed as anode and cathode electrodes 410 
and 408, respectively, using conventional metallization techniques, Block 
10 112C. 

Methods of forming power MOSFETs according to embodiments of 
the present invention will now be described more fully with reference to 
FIG. 4. In FIG. 4, a vertical power MOSFET 200 is illustrated having an n- 
type 4H boule-grown silicon carbide drift region 202 therein. The drift 

15 region 202 may have a net n-type dopant concentration therein that is less 
than about 2x1 0 15 cm" 3 . The thickness "t" of the drift region 202 may be in 
a range from between about 100 um, for up to a 20 kV MOSFET, and 
about 400 um, for up to an 80 kV MOSFET. An n+ drain region 204 is also 
provided on a C-face of the drift region 202. The n+ drain region 204 may 

20 be formed using conventional epitaxial growth techniques. A p-type base 
region 206 (shown as p-) may also be epitaxially grown on a Si-face of the 
drift region 202. A masked implantation step may then be performed to 
define a plurality of highly doped n+ source regions 208 within the p-type 
base region 206. Next, a selective etching step may be performed to 

25 define a plurality of trenches that extend through the base region 206 and 
into the drift region 202. The sidewalls and bottoms of the trenches are 
then lined with a gate insulating layer 214 that also extends along a top 
surface of the p-type base region 206. The gate insulating layer 214 may 
comprise silicon dioxide or other suitable dielectric material. Openings 

30 may then be defined within the gate insulating layer 214, which reveal the 
source regions 208 and base region 206. 
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Conventional metallization techniques may be performed to define (i) 
a source electrode 210, which ohmically contacts the n+ source regions 
208 and the p-type base region 206, (ii) a trench-based gate electrode 212, 
which extends on the gate insulating layer 214, and (iii) a drain electrode 
5 216. Based on this vertical configuration of the gate electrode 212, the 
application of sufficiently positive gate bias to the gate electrode 212 will 
result in the formation of vertical inversion-layer channels that operate to 
electrically connect the n+ source regions 208 to the n-type drift region 
202. These vertical inversion-layer channels extend across the p-type 
10 base region 206, along the sidewalls of the trenches. During forward on- 

state conduction, when the drain region 204 is more positively biased 
relative to the source regions 208, the inversion-layer channels operate to 
pass majority carriers (i.e., electrons) from the source regions 208 to the 
drift region 202. 

15 Methods of forming power JFETs according to embodiments of the 

present invention will now be described more fully with reference to FIG. 5. 
In FIG. 5, a junction field effect transistor 300 is illustrated having an n-type 
4H boule-grown silicon carbide drift region 302 therein. The drift region 
302 may have a net n-type dopant concentration therein that is less than 

20 about 2x1 0 15 cm" 3 . The thickness "t" of the drift region 302 may be in a 

range from between about 100 urn, for up to a 20 kV JFET, and about 400 
um, for up to an 80 kV JFET. An n+ drain region 304 is provided on a C- 
face of the drift region 302. The n+ drain region 304 may be formed using 
conventional epitaxial growth techniques. A p-type buried region 306 

25 (shown as p+) may be formed in the Si-face of the drift region 302. The 
buried region 306, which is illustrated as having an opening therein, may 
be formed by implanting p-type dopants into the Si-face of the drift region 
302, through openings defined within an implant mask. In alternative 
embodiments, a p-type buried region may be formed on the C-face and an 

30 n-type drain region may be formed on the Si-face, however, this is typically 

less preferred. 
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A relatively thin n-type silicon carbide channel region 314 may then 
be formed on the buried region 306, as illustrated. The channel region 
314, which may have a thickness of about 0.5 um, may be formed as an 
epitaxial layer, using the exposed portion of the buried region 306 and the 
5 drift region 302 as a seed during epitaxial growth. During the epitaxial 
growth step, the channel region 314 may be in-situ doped to a level of 
about 1x10 17 cm" 3 . Conventional techniques may then be performed to 
define an n+ silicon carbide source region 308 within the n-type silicon 
carbide channel region 314. The source region 308 may be defined as a 

10 plurality of parallel stripe-shaped regions that extend in a third dimension 
(not shown) or as a ring-shaped region, for example, p-type dopants may 
also be selectively implanted into the channel region 314 in order to extend 
the buried region 306 to an upper surface of the channel region 314. A p- 
type silicon carbide gate electrode 312 may be formed on the channel 

15 region 314, at a location extending opposite the opening in the p-type 

buried region 306. In this manner, the establishment of a sufficient large 
reverse bias between the p-type gate electrode 312 and the n-type channel 
region 314 will operate to fully deplete the channel region 314 of majority 
charge carriers and thereby block forward on-state conduction between the 

20 source region 308 and the drift region 302. Conventional metallization 

techniques may then be performed to define a source electrode 310, which 
ohmically contacts the n+ source regions 308 and the p-type buried region 
306, and a drain electrode 316 which ohmically contacts the n+ drain 
region 304. 

25 In the drawings and specification, there have been disclosed typical 

preferred embodiments of the invention and, although specific terms are 
employed, they are used in a generic and descriptive sense only and not 
for purposes of limitation, the scope of the invention being set forth in the 
following claims. 

30 
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